Aspirin-intolerant asthma (AIA) is a subtype of bronchial asthma characterized by development of bronchoconstriction evoked by non-steroidal anti-inflammatory drugs (NSAIDs). NSAIDs inhibit the cyclooxygenase pathway, leading to enhancement of the lipoxygenase pathway. We evaluated allelic association of 370 single nucleotide polymorphisms (SNPs) of 63 candidate genes, mostly from the arachidonic acid metabolic cascade, with AIA. After two rounds of screening with 198 AIA patients, multiple SNPs in the prostaglandin E 2 receptor subtype 2 (EP2 ) gene were associated with AIA (P < 0.05). Among the 77 SNPs identified in the EP2 gene, we selected 17 SNPs on the basis of linkage disequilibrium and allelic frequencies (minor allele frequency >0.1) for further association study. SNPs in the promoter region of the EP2 gene, uS5, uS5b, and uS7, were significantly associated with AIA (permutation P 5 0.039 -0.001). Analysis of haplotypes constructed according to the LD pattern showed a significant association with AIA (permutation P 5 0.001). The most significantly associated SNP, uS5, located in the regulatory region of the EP2 gene, was in a STATsbinding consensus sequence [AIA 31.1% versus control 22.1% (permutation P 5 0.0016) or versus aspirin-tolerant asthma 22.2% (permutation P 5 0.0017)]. Although STAT1 binding was not observed in gel mobility shift assay with HeLa nuclear extract, an unidentified protein was specifically bound to the allelic sequence. In in vitro reporter assay in HCT116 cells, the site containing the uS5 allele showed reduced transcription activity. Taken together, these results suggest that uS5 allele serves as a target of a transcription repressor protein. A functional SNP of the EP2 gene associated with risk of AIA should decrease the transcription level, resulting in reduction of the PGE 2 braking mechanism of inflammation and involvement in the molecular mechanism underlying AIA.
INTRODUCTION
In a subset of asthmatic patients, aspirin and several other nonsteroidal anti-inflammatory drugs (NSAIDs) that inhibit cyclooxygenase enzymes (COXs) induce severe asthmatic attack, generally termed aspirin-intolerant asthma (AIA) (1) .
AIA constitutes 5-15% of asthmatic patients, and is more prevalent in women. AIA is usually more severe, has a later onset than allergic asthma and frequently is associated with nasal polyp or sinusitis. Despite the well-defined pharmacological trigger, the molecular pathogenesis underlying AIA is still obscure. The cyclooxygenase theory is the widely accepted pathogenesis of AIA: a pharmacological action of NSAIDs, inhibition of COXs in the respiratory tract, alters arachidonic acid metabolism in AIA patients (2 -4) . Thus, aspirin and most other NSAIDs lead to a decrease in the level of PGE 2 , an anti-inflammatory PG generated as one of the various oxygenated metabolites in the COX pathway, which increases the number of cysteinyl leukotrienes (cys-LTs) that can mediate bronchoconstriction, mucus secretion, vascular permeability, cellular infiltration and eosinophil survival (5 -7) . An imbalance toward the lipoxygenase (LO) pathway is thought to play a role in accelerating the inflammation reaction in the airway tract. Although AIA is precipitated by inhibition of the COX pathway, it remains unclear why a similar adverse reaction to NSAIDs is not seen in patients with aspirin tolerant asthma (ATA) or in healthy individuals.
There is moderate genetic background in AIA; the European Network on Aspirin-Induced Asthma found that 5.1% of 365 AIA patients had family history of aspirin sensitivity (8) . A polymorphism in the promoter of LTC 4 synthase, A-444C single nucleotide polymorphism (SNP), has been reported to be associated with AIA in Polish patients (9, 10) . However, conflicting results were reported in US and Japanese populations (11, 12) . A recent report showed that a haplotype of the 5-LO gene was weakly associated with AIA in Korean population (13) . In the present study, an extensive candidate gene analysis was applied to identify susceptibilities to AIA. On the basis of the well-defined pharmacological actions of NSAIDs, 63 candidate genes for AIA were catalogued and screened for allelic association study in a total of 198 AIA patients. The 833 SNPs of 63 candidate genes were initially identified; 370 SNPs were selected on the basis of linkage disequilibrium and allelic frequency, and evaluated for allelic association with AIA. SNPs in the prostaglandin E 2 receptor subtype 2 (EP2 ) gene were found to be significantly associated with AIA, and the functional impact of a promoter variant was further investigated.
RESULTS

Screening of candidate genes for AIA
On the basis of the pharmacological actions of NSAIDs and the bronchial hyper-responsiveness of AIA, 63 candidate genes were selected for evaluation of association with AIA as follows: 43 genes from the arachidonic acid metabolic cascade, such as LOs, COXs, various leukotriene (LT) and PG synthases and receptors acting on the LO-and COXpathways, and 20 genes from the immune system and other factors likely to be involved in asthma such as lymphokines, transcription factors of immune cells, matrix metalloproteinases and the platelet activating factor pathway (summarized in Table 1 ). The 833 SNPs of 63 genes, identified from the public database or by direct sequencing, were genotyped in 96 control subjects; among these, 370 SNPs with minor allele frequency .0.1 or location in the coding region were genotyped for the first screening ( Table 1) . Distributions of allele frequency of the SNPs were compared in 87 patients with AIA, 192 with ATA [96 atopic asthmatic (AT) and 96 non-atopic asthmatic (NAT) patients] and 96 with non-asthmatic controls (CTR) by a simple chi-square test. Forty-nine SNPs in 15 genes were associated with AIA in comparison with CTR in the first screening (P , 0.05). Fifteen SNPs in five genes showed significant differences in allele frequencies in comparisons of both AIA with ATA and AIA with CTR (data not shown).
All the subjects including the individuals in the first screening, 198 AIA, 282 ATA and 274 CTR, were then subjected to genotyping of the 49 SNPs. After increasing the sample size, the association results of most of the SNPs tested by permutation analysis with 10 000 iterations were weakened or disappeared (data not shown), except for the SNPs of EP2 gene. SNPs uS7, S3, S4 and S5 of EP2 gene demonstrated significant associations with AIA in comparison with ATA or with CTR (Table 2 ). In the second screening, uS7 showed the most significant association in both comparisons of AIA with ATA (permutation P ¼ 0.0025) and AIA with CTR ( permutation P ¼ 0.039).
Linkage disequilibrium mapping of EP2 gene
As multiple SNPs of the EP2 gene were associated with AIA, extensive screening of EP2 was undertaken. We identified 77 SNPs covering the entire gene and the regions spanning 35 kb upstream of exon 1 and 43 kb downstream of exon 2 (Fig. 1) . The 77 SNPs were categorized into 24 subgroups on the basis of genotype identity after genotyping 12 individuals; SNPs expected to be in tight LD (assuming r 2 -LD) were grouped together (Fig. 1) . Twenty-four representative SNPs of subgroups uS1 -uS10, S1 -S10 and dS1-dS4 were genotyped in all the patients and controls, and pair-wise linkage disequilibrium was estimated. A highly structured LD pattern, a major LD block structure (jD 0 j . 0.7) covered by uS5 -S10 and two minor LD blocks covered by uS1-uS4 and dS1-dS4, were observed ( Fig. 2A) . SNPs uS5-uS10, S1 -S10, and dS1, associated with AIA in the second screening, were located in the major LD block. The 17 SNPs representing the major LD block then were evaluated for association with AIA by genotyping the AIA patients. SNPs in the major LD block were evaluated by r 2 -statistic, and weak LD was observed ( Fig. 2A) . In addition to SNPs uS7, S3, S4 and S5, significant associations also were observed for uS5 and uS10 using simple chi-square test and permutation test ( Table 2 ). The minor allele frequency of uS5 was 31.1% for AIA, 22.1% for CTR and 22.2% for ATA, showing significant association (AIA versus CTR: x 2 ¼ 9.67, P ¼ 0.0019, permutation P ¼ 0.0016; AIA versus ATA: x 2 ¼ 9.61, P ¼ 0.0019, permutation P ¼ 0.0017) ( Table 2) .
UPGMA-based 'LD tree' and haplotype analysis
A UPGMA (unweighted pair-group method using arithmetic averages)-based 'LD tree' was developed as a tool for visual inspection of subgroupings of SNPs on the basis of LD structure as described in Materials and Methods (Fig. 2B) , and subsequently applied to haplotype analysis. UPGMA is a method for designing a diagram to compare the sequence similarities of a gene between species that is used to evaluate evolutionary processes (14) . In the LD tree, (1 2 r 2 ) value was used to calculate a distance matrix for construction of the tree structure. Seventeen SNPs categorized into six subgroups (r 2 2 a to 2f ) were in LD estimated by r 2 -statistic (r 2 . 0.5), as shown in Figure 2B . SNPs uS5, uS7, S1, S3, S6 and S8 represented six subgroups, and were combined to construct haplotypes; the haplotype-based associations were tested with 10 000 iterated permutations. Six major haplotypes (each frequency .5%) were observed in 274 CTR (Table 3) . 
Transcriptional regulatory motif on uS5 site
The 5 0 -upstream region of the EP2 gene was surveyed with a TFSEARCH program (15) . The sequence surrounding uS5 was predicted to a STATs-binding motif with a possibility to bind subtypes 1, 2, 3, 4 and 6 of the human STAT proteins that play key roles in cytokine signaling (16) . Variation of uS5 could affect STAT protein binding affinity, resulting in altered EP2 transcription activity.
To examine the impact on transcriptional regulation due to the allelic difference of uS5, we cloned the two types of allelic sequence surrounding the uS5 site (41 bp) into upstream of an SV40 promoter-luciferase gene transcriptional unit (Fig. 3A) . The effects on transcriptional activity of the 41 bp sequences centering either G allele or A allele of uS5 were investigated in HCT116 cells in which endogenous IL4R alpha and STAT6 gene expressions were confirmed with RT -PCR method (Fig. 3B) . Both inserted sequences showed suppressive effects on reporter gene transcription: G allele had 74.6% and A allele had 42.7% Table 3 . Haplotype-based association study with AIA Haplotype: uS5/uS7/S1/S3/S6/S8
Haplotype frequency Permutation P value Human (Fig. 3C, left) . If STAT binding was responsible for repressive transcriptional activity, it should be altered by addition of IL-4. However, the reduced luciferase activities due to the inserted sequences were not affected by the addition of IL-4 (Fig. 3C, right) . A allele, the susceptibility allele, showed 2.26-fold greater suppressive effect than G allele, suggesting that the uS5 variant affects the rate of transcription due to differences in nuclear factor interaction. Accordingly, two digoxigenin-labeled double-stranded oligonucleotides (Fig. 4A) containing A allele (EP2-A19) and G allele (EP2-G19) were designed for electrophoretic mobility shift assay (EMSA) using HeLa nuclear extract. DNA -protein binding was observed with higher intensity in EP2-A19 than in EP2-G19 after incubation with the HeLa nuclear extracts (Fig. 4B) , and the DNA -protein interaction was more efficiently competed by unlabeled EP2-A19 than by unlabeled EP2-G19 (Fig. 4C) . The binding was not observed with purified STAT1 protein (data not shown), and EP2-A19 had a mismatch for STAT consensus motif, suggesting that a nuclear factor other than STAT proteins is involved in the interaction.
DISCUSSION
SNPs are being identified and assembled in large SNP databases at a rapid pace that should facilitate clarification of the genetic basis of complex diseases and drug responses. AIA is a distinct entity of asthma triggered by aspirin or NSAIDs, but little is known of its genetic basis. Identification of genetic susceptibilities to AIA might both clarify its molecular mechanism and reveal promising clinical and therapeutic targets.
Overproduction of cys-LTs in bronchial epithelium and inhibition of prostaglandin synthesis by COX inhibition apparently underlie the pathogenesis AIA (17 -19) . Cowburn et al. demonstrated that bronchial biopsies from AIA patients exhibited 4-fold increase in eosinophils compared with specimens from ATA patients, and baseline concentrations of cysLTs measured in BALF of AIA patients correlate well with counts of inflammatory cells having positive immunoreactivity with LTC 4 synthase in the bronchial mucosa (6) . A similar observation in nasal polyp was reported demonstrating that the number of cells expressing cys-LT 1 receptor and the level of cys-LTs in nasal polyp from AIA patients were 
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Human Molecular Genetics, 2004, Vol. 13, No. 24 significantly higher than those from ATA patients, indicating that overexpression of cys-LT 1 receptor is involved in the pathogenesis of aspirin sensitivity (20, 21) . Considering these results together, we speculate that genetic predisposition directed to the regulation of LTC 4 synthase expression may play a key role in the pathogenesis of AIA. Sanak et al.
reported that a SNP of LTC 4 synthase was associated with AIA, and that it functioned to reduce expression of the gene (9, 10) . The allelic association was not confirmed in Japanese AIA (12), and could not be replicated in the present study with much larger samples. In the current study, we applied an extensive candidate gene approach to identify susceptibility SNPs to AIA. Sixty-three candidate genes were selected on the basis of knowledge of the pharmacological action of aspirin and the plausible factors involving asthma (Table 1) . SNPs in the EP2 gene were screened through an extensive two rounds of association studies of the 370 selected SNPs. EP2 is a receptor for PGE 2 , the well-known inhibitory mediator of inflammation released from mast cells, eosinophils and macrophages that acts as a 'brake' on the inflammatory process and thus has a broncho-protective role in the airways, in part by inhibiting the release of chemoattaractants such as LTB 4 from alveolar macrophages and airway epithelium and the production of LTC 4 in eosinophils (22) . PGE 2 likely modulates airway tone by inhibiting acetylcholine release of cholinergic nerve endings and mast cell histamine release. More importantly, pre-inhalation of exogenous PGE 2 has shown that PGE 2 directly suppresses aspirin-induced LT synthesis, most likely from eosinophils and mast cells infiltrating the bronchial mucosa (23) . The ability of endogenous and exogenous PGE 2 to suppress LTC 4 synthesis also has been found in vitro in human eosinophils and other cells (24) . Thus, PGE 2 may well act to reduce LT synthesis via EP2 receptors on airway leukocytes. At least four subtypes of PGE 2 receptor (EPs 1-4), which differ in tissue distribution, ligand-binding affinity and coupling to intracellular signaling pathways, have been cloned to date (25) . Although a specific role in blood pressure control was demonstrated in mice lacking EP2 (26, 27) , involvement in the asthmatic phenotype of EP2 was not known. The allele frequency of uS5 of the EP2 gene in AIA patients was quite different from the frequency both in controls and ATA patients [31.3% (AIA) versus 22.3% (CTR) and versus 21.7% (ATA)] ( Table 2 ). The haplotype m/m/m/M/M/M, containing uS5, was most significantly associated with AIA (permutation P ¼ 0.0012) ( Table 3 ). uS5 locates in the 5 0 -upstream of the gene on the STAT-binding motif, the allele likely having impact on transcriptional activity. The 41 bp sequence centered by either G or A allele of uS5 was subcloned into upstream of the SV40 promoter reporter vector. In vitro reporter assay demonstrated stronger transcription repression with A allele of uS5, which is associated with AIA. Despite the site being consensus for STAT binding (G allele of uS5), STAT1 protein did not bind to the sequence; instead, an unknown nuclear factor, presumably a negative regulator, bound particularly to the A allele sequence. Considered together, these data suggest that the low level of EP2 gene expression caused by the uS5 allele could lead to a low response to PGE 2 , skewed LT activation and bronchoconstriction in response to numerous stimuli, thereby influencing individual susceptibility to AIA. Consistent with the finding that uS5 allele leads to quantitative differences, the homozygous carriers for A allele of uS5 showed the highest odds ratio (OR ¼ 3.21, 95% C.I. ¼ 1.53-6.75). A modest but persistent failure in the PGE 2 braking mechanism together with increased sensitivity to NSAIDs has been postulated to explain why AIA patients overproduce cyc-LTs even without ingestion of NSAIDs or after low doses of NSAIDs. Our hypothesis is consistent with the cyclooxygenase theory in suggesting that a persistent failure of the suppressive activity of PGE 2 in AIA patients allows over-activity of the LT and other pathways, both after NSAID exposure and chronically. Thus, the impaired suppressive activity of PGE 2 in at least some AIA patients may be related to reduced expression of EP2 receptors due to the polymorphic allele uS5, the transcription of which is reduced by an unidentified repressor protein.
In conclusion, genetic screening of a candidate gene for AIA suggests that variants in the promoter of the EP2 gene are significantly associated with AIA, and are functional by reducing transcriptional activity of the EP2 gene. The functional analysis constitutes only in vitro evidence, so further investigation is required. In addition, this study is preliminary in that it included only Japanese individuals.
MATERIALS AND METHODS
Subjects
Diagnosis of AIA was made on the basis of self-reported history of more than one episode of moderate to severe asthmatic reaction after aspirin or other NSAID ingestion that had been identified by a physician. The oral provocation test was not performed in most patients because of the theoretical risk and the very low likelihood of significant occult disease. (28) . ATA was defined as adult asthma diagnosed by expert physicians according to the American Thoracic Society criteria (29) and no history of aspirin or NSAID-induced asthmatic attack. The controls were outpatients with diseases other than asthma and who self-reported no history of aspirin sensitivity. The 198 unrelated individuals with AIA (age: 54.7 + 13.2 years; 63 males/135 females),282 with ATA (age: 56.0 + 16.1 years; 132 males/150 females) and 274 non-asthmatic controls (CTR) (age: 50.3 + 24.6 years; 111 males/163 females) were recruited at Niigata University Hospital, University of Tokyo Hospital, Nagoya University Hospital, Doai Memorial Hospital and Kyushu University Hospital. ATA included 154 AT (age: 48.0 + 15.6 years; 80 male/74 female) subjects and 128 NAT (age: 65.9 + 10.0 years; 52 male/76 female) subjects who were genotyped. The patients and controls were all of Japanese ethnicity. Although the Japanese population is considered genetically homogenous, similar numbers of patients and controls from the various locations were used to avoid possible geographical differences in allelic frequencies. For the first screening, 87 randomly selected patients with AIA, 192 patients with ATA and 96 controls were genotyped. All the subjects gave written, informed consent and the study was performed with the approval of the Ethical Committee of Tokyo University. Blood samples of each subject were collected for isolation of genomic DNA. 
SNP genotyping
SNPs were genotyped using either the pyrosequencing method on a PSQ96 Instrument (Pyrosequencing AB, Uppsala, Sweden) or direct sequencing using BigDye Terminator cycle sequencing on an ABI PRISM 3700 DNA analyzer (Applied Biosystems, Tokyo, Japan). PCR was performed with a standard protocol except a biotin-labeled primer was used when the pyrosequencing method was applied.
Statistical analysis
Differences in allelic frequencies were evaluated by casecontrol design with chi-square test. Haplotype frequencies for multiple loci were estimated using the expectationmaximization method with SNPAlyze v3.0 software (DYNACOM, Mobara, Japan). In addition, the permutation test was performed to test deviation of allelic frequencies of SNPs and haplotypes of the EP2 gene (30) . Distribution of a test statistic was estimated by evaluating the statistics for a random sampling of 10 000 iterated permutations at fixing the total numbers of both the cases and controls, which is incorporated in SNPAlyze v3.0 software. P-value is estimated by the proportion of permutations for which the permutated data test statistic (P permuted ) is greater than the initially observed test statistic (P observed ), so permutation P ¼ P (P observed . P permuted ). Pair-wise LD was estimated as D ¼ x 11 2 p 1 q 1 , where x 11 is the frequency of haplotype A 1 B 1 , and p 1 and q 1 are the frequencies of alleles A 1 and B 1 at loci A and B, respectively. A standardized LD coefficient, r, is given by D/( p 1 p 2 q 1 q 2 ) 1/2 , where p 2 and q 2 are the frequencies of the other alleles at loci A and B, respectively (31 UPGMA-based LD tree LD according to r 2 -statistics was visualized by an 'LD tree' constructed on the basis of the UPGMA method of Neighbor program from the PHYLIP package v3.57c, available at web site (http://evolution.gs.washington.edu/phylip.html). (1 2 r 2 ) was calculated and converted to a distance matrix. Calculated coefficients were within 0 -1, and the smaller values represent high LD against uncalculated coefficients.
Transcription regulatory motif
The computer program TFSEARCH based on TRANSFAC databases, available at web site (http://www.cbrc.jp/research/ db/TFSEARCH.html), was used to predict potential binding sites of transcription factors in the regulatory region.
Transfection and reporter assays
The complementary oligonucleotide spanning the uS5 promoter allelic sequence, 5 0 -CCAGTTTTGCCACAAAGCTTCT (G/A)GAATCAAGAGCAACATGC-3 0 or 5 0 -TCGAGCATG TTGCTCTTGATTC(C/T)AAGAAGCTTTGTGGCAAAACT GGGTAC-3 0 , was annealed and ligated into the Kpn I/Xho I-digested pGL3-promoter vector (Promega, Tokyo, Japan), and sequenced. HCT116 cells were cultured in McCoy's 5A medium supplemented with antibiotics and 10% fetal bovine serum. HCT116 cells were transfected with FuGENE6 (Roche Diagnostics, Tokyo, Japan) according to the manufacturer's instructions. Briefly, 200 ng of firefly luciferase reporter plasmid, and 0.6 ng of Renilla luciferase reporter plasmid (pRL-TK, Promega) per 24-well dish were used for each transfection. The cells were harvested 48 h after the transfection, and luciferase assay using the Dual-Luciferase Reporter Assay System was performed in accordance with the manufacturer's protocol (Promega). Experiments were performed at least twice in triplicate, and the relative activities of luciferase were expressed as mean + S.E, after normalizing with the Renilla luciferase activities.
The total RNA was extracted using Trizol reagent (Invitrogen, Tokyo, Japan) and RT -PCR was performed with the SuperScript One-Step RT -PCR system (Invitrogen) based on the manufacturer's protocol.
Electrophoretic mobility shift assay
EMSA was performed with a DIG Gel Shift Kit (Roche Diagnostics) using digoxigenin (DIG)-labeled double-stranded 19 mer oligonucleotides specific to A allele (EP2-A19) and G allele (EP2-G19) of uS5. DIG-labeled probe was incubated with HeLa nuclear extracts (Promega) for 30 min at 48C and separated by electrophoresis on a 5% non-denaturing polyacrylamide gel with 0.5Â TBE running buffer. DNAprotein complexes were electroblotted onto nylon membrane and the band shift was visualized according to the user's manual for DIG Gel Shift Kit. For the competition assay, we incubated HeLa nuclear extracts with non-labeled competitors for 15 min at 48C before incubation with labeled EP2-A19.
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